RESULTS: Filtration and combination LR decreased
priming activity accumulation versus buffy coat LR, although the accumulation of priming activity was not different during storage. Combination LR increased hemolysis versus filtration via proteomic analysis. Priming activity from AS-3 units was significant later in storage versus AS-1-or AS-5-stored units.
CONCLUSIONS:
Although both filtration and combination LR decrease the accumulation of proinflammatory activity versus buffy coat LR, combination LR is not more advantageous over filtration, has increased costs, and may cause increased hemolysis. In addition, AS-3 decreases the early accumulation of PMN-priming activity during storage versus AS-1 or AS-5. P restorage leukoreduction (LR) of whole blood or red blood cells (RBCs) reduces white blood cell (WBC) and platelet (PLT) contamination and decreases febrile nonhemolytic transfusion reactions, alloimmunization, and the accumulation of biologic response modifiers (BRMs), including soluble CD40 ligand, cytokines, chemokines, and lysophosphatidylcholines, some of which have been implicated in the development of transfusion-related acute lung injury (TRALI). [1] [2] [3] [4] [5] [6] Three primary methods of LR are used worldwide: buffy coat removal (BCR), in-line filtration, and the combination approach using both of the previous methods in sequence. [7] [8] [9] [10] [11] BCR separates cells based on their differences in specific gravity and is the predominant method of LR used in developing countries due to the lower cost. In-line filtration uses charged-based adhe-sion of negatively charged WBCs to remove WBCs from blood products and is used predominantly in the United States. 7, 8, 10, 11 The combination approach employs BCR followed by filtration before storage of the RBC units and is predominantly employed in Canada and Western Europe. 10 Additive solutions (ASs) allow for the storage of RBCs for 6 weeks and have specific uses with different filtration strategies and come as a part of the LR sets from specific manufacturers. 7, 12 Metabolomic analyses of RBCs stored in AS-3 have demonstrated that AS-3 appears to maintain RBCs in a state of relative homeostasis until Day (D)14, when the RBC metabolism changes significantly. [13] [14] [15] [16] Priming agents accumulate during the routine storage of cellular blood components and may serve as the second event in the two-step model of TRALI. In addition, testing for the accumulation of neutrophil (PMN)-priming activity during exposure to BRMs correlates to the pathophysiologic development of TRALI.
17 There have not yet been side-by-side comparisons of these LR methods in terms of their ability to minimize the PMN-priming activity in the supernatant. We hypothesize that LR by buffy coat is inferior to LR by filtration and that there is no significant difference between filtration and the combination method in terms of minimizing the accumulation of PMN-priming activity, during routine storage.
MATERIALS AND METHODS

Materials
All chemicals and reagents were purchased from Sigma Chemical Corp. unless otherwise specified. All solutions and buffers were made from sterile water for human injection (United States Pharmacopeia) purchased from Baxter Healthcare, followed by sterile filtering with disposable sterilization filter units (Nalgene MF75, Thermo Fisher Scientific). Enzyme-linked immunosorbent assay (ELISA) kits for α-enolase (ENO1) and arachidonic acid were purchased from either Abnova or US Biological. Antibodies for peroxiredoxin-6 were purchased from Santa Cruz Biotechnology.
Blood sampling and processing
Five units of whole blood were drawn from healthy volunteer donors after obtaining informed consent under a protocol approved by the Colorado Multiple Institutional Review Board at the University of Colorado Denver. Plasma was removed by centrifugation at 5000 × g for 7 minutes and expression using an automated blood component separator (Compomat, Fresenius Kabi). The RBCs were suspended in AS-3 and then equally divided by weight; thus, the buffy coats were present in the RBCs (see Results). Of the remaining RBCs plus buffy coat 50% were LR by BCR by expression into an in-line bag, 50% were LR by in-line filtration (BPF4, Haemonetics), and both were stored at 1 to 6 C per AABB criteria on D1, 24 hours after whole blood collection. 7 Thus, separation of the plasma and buffy coat was completed by a top/top expression procedure. Sterile couplers were used to obtain samples weekly during the 42 days of storage. The supernatant was isolated by centrifugation (5000 × g for 7 min, followed by 12,500 × g for 6 min) and stored at -80 C. The same protocol was repeated with an additional 5 units of RBCs stored in AS-3, with 50% undergoing in-line filtration and the other 50% undergoing initial BCR followed by in-line filtration.
Lipid extractions
Lipids were isolated from the plasma samples using a 1:1:1 chloroform:methanol:water:0.2% acetic acid extraction, as previously published. 18 Lipids were then solubilized with 1.25% fatty acid-free human serum albumin and used to assess in PMN-priming activity, as previously reported. 
Proteomics
Immunoreactivity of peroxiredoxin-6, an intracellular RBC enzyme, was completed using Western blots of the supernatants from the RBCs. ELISAs were also used to quantify α-enolase and arachidonic acid in the plasma supernatants and run according to the manufacturer's instructions. Quantification of proteins in the plasma samples was performed using targeted mass spectroscopy and 13 C-labeled QConCAT standards. These assays were completed by the University of Colorado Denver Mass Spectrometry Core proteomics group, as described. 24 
Statistical analysis
Data are presented as mean ± the standard error of the mean. Statistical differences were measured by a paired or an independent analysis of variance (ANOVA), with a Bonferroni or a Newman-Keuls post hoc analysis depending upon the equality of variance for these measurements. The independent ANOVA analyses are employed for comparison among the RBC units stored in different ASs and among the BC, filtration, and combination groups. For priming data a p value of less than 0.05 signified significance and for the QConCat data a p value of less than 0.01 determined significance.
RESULTS
Separation of the whole blood
To confirm adequate separation of the whole blood complete blood counts were performed on the expressed plasma and the RBC units after LR. The plasma units demonstrated only modest PLT contamination with PLT counts ranging from 5 × 10 9 to 20 × 10 9 /L data with no WBCs, similar to previous data. 25 In addition BCR decreased the WBC counts by approximately 1 log (82% ± 6%), the PLT counts by approximately 1 log (84% ± 9%), and the RBC number by 7.3% ± 0.4%. Filtration decreased the WBC counts from a mean of 32.2 ± 8.8 to 0 ± 0 (>3.5 logs) and PLT counts from a mean of 1598 × 10 6 ± 662 × 10 6 /L to 0 ± 0 (>2 logs) with a loss in RBC number of 12% ± 1%, which is in agreement with Bonfils Blood Center data that demonstrated a decrease in weight of RBC units post filtration LR of 10.7% ± 0.2%.
Increased PMN-priming activity is present in buffy coat LR supernatants versus filtration or combination LR
The supernatants from all three methods of LR showed no difference in PMN priming versus albumin or buffer-treated controls on D1. Both the buffy coat LR units and the combination LR units contained significantly increased priming activity (p < 0.05 vs. D1 and buffer-treated controls) on D7 of routine storage, which continued for the buffy coat LR-RBC units throughout the storage interval, reaching a relative maximum on D28 that persisted ( Fig. 1 ). In the combination LR-RBC units the priming activity reappeared on D28 (p < 0.05), reaching a relative maximum, and persisted throughout storage (Fig. 1) . In contrast, the supernatant-priming activity in the filtered RBC units became significant on D35 (p < 0.05) that persisted through D42 of storage ( Fig. 1) . Moreover, the supernatant from buffy coat LR-RBC units contained significantly greater priming activity than filtered RBC units and combination LR-RBC units from D28 to D42 (p < 0.05). On D28 alone, there was 2.0-fold greater PMN-priming activity in the supernatants from buffy coat LR-RBC units versus either the combination LR or the filtered RBC units (Fig. 1 ).
Combination LR did not decrease PMN-priming activity versus filtration
There were no differences in PMN-priming activity between D1 supernatants leukoreduced by filtration or combination methods ( Fig. 1) . To further explore the PMN-priming activity, the lipids were extracted from the supernatants of RBC units that underwent combination LR or filtration alone.
Lipids were present by D42, which contained increased PMN-priming activity in comparison to the lipid extracts from D1 and the albumin-treated controls (p < 0.05; Fig. 2 ). There was no difference in lipid-priming activity from the supernatants from D42 of storage for the units that underwent combination LR or filtration alone (Fig. 2) . 19 In addition, when the arachidonic acid concentration was measured in the supernatants from RBCs leukoreduced by filtration or combination LR methods there was increased amino acid concentration on D42 versus D1 or D14 of storage, but there were no differences in arachidonic acid concentrations between the two LR methods (Fig. 3 ).
Proteomic analysis of supernatants from RBC units that were leukoreduced by combination of filtration methods
Peroxiredoxin-6 and α-enolase are two intracellular enzymes that accumulate during RBC storage presumably due to RBC lysis or release. 26 More immunoreactivity for peroxiredoxin-6 was present in the supernatants from buffy coat LR-RBC units versus units that underwent LR by filtration (Fig. 4 ). In addition, α-enolase concentrations, via ELISA, showed a similar trend, with greater concentrations in the supernatants from buffy coat LR-RBC units in comparison to the supernatants from filtered units. There was no difference between BCR and filtration LR on D1 of storage, but on D42, α-enolase concentration in the buffy coat sample, 12.2 ± 1.4 ng/mL, was significantly increased versus 7.2 ± 0.7 ng/mL in those units that underwent filtration LR (Fig. 4) . Proteins identified in the supernatants from filtration and combination LR-RBC units from D1 to D42 were identified and compared (Tables 1-3 ). Peroxiredoxin-6 and peroxiredoxin-2 both showed a significant increase from D1 to D42 in the two LR methods (n = 5, p < 0.01), but when compared to one another, did not demonstrate a significant difference at the end of storage (Table 1) . α-Enolase concentrations also did not show any difference on same days of storage between filtration and combination LR. Both the α-and β-globin chains increased in the supernatants from D1 to D42 indicating that greater hemolysis occurred with RBC storage time. Combination LR, however, had a greater concentration of α-hemoglobin (Hb) subunits than filtration LR (n = 5, p < 0.01). The same trend was seen with the β-Hb subunits but did not achieve significance (Table 1) . Hemopexin, a scavenger for heme-containing compounds, was decreased during storage of both filtration and combination LR samples, but was significantly decreased in the supernatants from RBC units that underwent combination LR versus filtration LR on D42 (Table 2 ). These data indicate that there is an increase in hemolysis with storage time and this is significantly greater in the supernatants from RBC units that underwent combination LR.
Comparison of the priming activity that accumulates during storage in the supernatants of RBCs stored in AS-1, AS-3, or AS-5
Because the data presented with respect to the three different methods of LR were limited to RBC units stored in AS-3, and LR by filtration yielded similar lipid-priming activity to the combination LR method, the accumulation of PMN-priming activity in the supernatant of LR-RBC units (filtration using the BPF4 filter) was assessed for units stored in AS-1 (20) , , and AS-5 (50; Fig. 5 ). Importantly, a large portion of the priming activity of the supernatants from AS-1-or AS-5-stored RBCs have been previously reported and we have included some additional data from AS-1 or AS-5 RBC units. These units were drawn after obtaining informed consent and processed by the Manufacturing Division of Bonfils Blood Center using methods per the AABB and the Food and Drug Administration (FDA) Circular of Information for the processing of leukoreduced RBC units. 2, 22, 23, 27 Supernatant priming for LR-RBCs stored in AS-1 demonstrated significant priming activity by D14 of storage versus buffer and fresh plasma (p < 0.05), which increased with storage time and reached a relative maximum by storage outdate on D42, the last day the unit may be transfused (Fig. 5) . The priming activity in the supernatant from LR-RBCs stored in AS-5 also became significant on D14 versus buffer and fresh plasma Compared to filtration (▪), BCR ( ) accumulated more PMN-priming activity starting on D7 whereas there is no difference versus combination LR ( ) on any of the storage days. *p < 0.05 from D1 within treatment and buffer-treated controls. (p < 0.05) and increased over the storage interval reaching a maximum on D35, which persisted through D42 (Fig. 5) . Finally, the PMN-priming activity in supernatants from LRRBCs stored in AS-3 also became significant on D14 versus buffer or fresh plasma (p < 0.05), which was not present on D21 and then reappeared on D28, persisting throughout storage, D42 (Fig. 5) . The D42 supernatant-priming activity in the AS-3 and AS-5 LR-RBCs was significantly (p < 0.05) less than the supernatant-priming activity from the AS-1 LR-RBCs.
DISCUSSION
The implementation of LR has reduced the clinical frequency and severity of nonhemolytic febrile transfusion reactions, transmission of cytomegalovirus, and the risk of HLA alloimmunization. [1] [2] [3] [4] [5] [6] The benefits of universal LR are no longer widely debated but the method of LR remains varied according to geographic implementation. 28 Buffy coat LR, the predominant method used in developing countries like India, removes WBCs by a single log. 29 During routine storage, there was increased PMN-priming activity in the buffy coat LR supernatants versus D1 beginning on D7 and continuing until the end of storage with significantly higher amounts then either filtration or combination LR on D28 to D42. Combination LR was no better than filtration LR and there was significantly more priming activity on D28 in the combination group and the supernatant-priming activity was not different between the two methods of LR at the end of storage. Proteomics analysis demonstrated that both peroxiredoxin-6, a dual function protein with both peroxidase and phospholipase A 2 activity, which increases during oxidant stress, and α-enolase were both increased in the buffy coat supernatants compared to the supernatants from the two LR methods. 30 α-Enolase is a glycolytic enzyme, a cellular plasminogen receptor, and has been implicated in acute lung injury through its ability to bind plasminogen to the cellular surface of monocytes. 31 These data indicate that the buffy coat LR method is clearly inferior to the other methods because it caused increased release of intracellular proteins and increased accumulation of priming activity. The comparison of the PMN-priming activity among stored RBC units using disparate ASs demonstrated that the supernatant from AS-1-stored units (n = 20) accumulated more priming activity that was significant from D1 on D14 with maximal accumulation by D42 and significantly greater than the D42 supernatant priming activity in AS-3 or AS-5 LRRBCs. The supernatants from AS-3-stored RBCs (n = 20) had significant accumulation of PMN-priming activity on D14, versus D1, which was not present on D21, reappeared on D28, and persisted throughout D42. AS-5 (n = 50) stored units demonstrated similar priming activity as AS-3 becoming significantly increased on D14 with priming persisting through D42. Importantly, we did not control for the RBC losses due to processing among the groups. As indicated there was a 6% to 7% loss via BC removal, a 13% loss by filtration, and an almost 19% loss for the combination LR methods. This loss is not RBCs alone because there is also loss of supernatant. Therefore, if there are fewer RBCs in those units that underwent combination LR then one would expect that less intracellular proteins, peroxiredoxin-1 and -6, the globin chains of Hb, α-enolase, would appear over storage time, not more as measured (Table 1) . There was not a significant increase on D1 in those units that underwent LR by filtration versus LR by the combination methods. Similarly the priming activity was present in both the filtration LR-RBCs and the combination LR units with activity that was not different in the LR combination which may have 6-7% less RBCs. Lastly, we used the standard Pall BPF4 for all filtration LR, which may account for more losses of RBCs than combination LR methods employed in Canada and Europe. We did not control for the use of a smaller filter.
The cost of in-line filtration, however, is not trivial. LR by filtration can add USD$100 to the cost of an RBC unit and is estimated to cost the United States at least $600 million/year. 32 The combination method of BCR followed by filtration requires additional time, effort, and cost of personnel but with uncertain increased benefit to the patient. Compared to LR by filtration alone, the combination method showed similar PMN-priming activity and no difference in accumulation of α-enolase or peroxiredoxin-2 and -6 via proteomic analysis on same days of storage. Furthermore, the greater accumulation of the α-and β-globin chains with decreased hemopexin levels indicated that more hemolysis occurred during storage after the combination LR method than filtration alone. Despite the greater cost and resources associated with combination LR and greater hemolysis of RBCs with manipulation, there is no difference in PMN-priming activity and the accumulation proteins implicated in the development in TRALI or postinjury ALI. 33 The LR data are from the supernatants of RBC units stored in AS-3 and one must not compare similar data from RBC units that employed AS-1, AS-5, or SAGM ASs. Similar to the previous studies using different ASs, an increase in PMN-priming activity occurred during routine storage, from D1 to D42, irrespective of the LR methods used. 22 Additional proteomic analysis of the RBC storage lesion in AS-3 AS has been completed and has demonstrated its ability to preserve RBC metabolism versus SAGM, AS-1, and AS-5. 15 Biologic response modifiers that accumulate during routine storage of cellular components have been linked to nonhemolytic transfusion reactions including TRALI. 2, 4, 23, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] The two-event pathophysiology of TRALI requires a first event that elicits proinflammatory activation of the pulmonary microvascular endothelium, which causes sequestration-adherence of PMNs, which primes them. 23, 33, 44, 45 Priming of PMNs makes them hyperreactive to a subsequent stimulus that normally does not activate PMNs in the "resting" state in the circulation. 23, 33, 44, 45 A second event occurs that activates these primed adherent PMNs resulting in endothelial damage, capillary leak, and ALI. 23, 33, 44, 45 This pathophysiology has been verified in animal models of TRALI to HLA Class I and Class II antibodies and to lipids, both lysophosphatidylcholines and nonpolar lipids arachidonic acid and 5-, 12-, and 15-hydroxyeicostetranoic acid. 22, 23, 35, 36, 45 In one of the largest clinical series of clinical TRALI the implicated PLT units all had increased proinflammatory activity than those transfused to patients who did not experience a transfusion reaction. 17 Thus, it was not the storage age of the product implicated that resulted in TRALI; rather, it was the amount of proinflammatory activity transfused.
17
The two-event model of TRALI has been recently criticized because of the inability of volunteers injected with 2 ng/kg Escherichia coli lipopolysaccharide (LPS) to manifest TRALI when transfused with autologous RBC units stored for 35 days. 46 Injection of E. coli LPS induced fevers of more than 38 C, pulses or more than 90 beats/min, and mild tachypnea (>20 breaths/min) without evidence of pulmonary endothelial activation or PMN sequestration in the lung, a prerequisite for the two-event model of TRALI. 23, 45, 47, 48 In contrast, animals used for the two-event model of TRALI demonstrated fevers with rigors, copious diarrhea, and when euthanized pulmonary sequestration of PMNs. 2, 23, 49 In addition, in tissue culture the activation of primary human, microvascular, endothelial cells does not occur until LPS concentrations of 20 ng/mL are reached and such systems do not allow for the removal, modification, or inactivation of LPS, which includes serum as part of the growth medium. 21 The concentrations of LPS that induced human, microvascular, endothelial cell activation in vitro were similar to those used as the first event in the two-event rodent model of TRALI. 21, 50, 51 Moreover, two reported cases of self-administered LPS in which the individuals injected themselves with 2 μg and 1 mg of either E. coli or Salmonella enteritides, respectively, became acutely ill with fevers, hypotension, gastroenteritis, increased respiratory rate, somnolence, and malaise. [50] [51] [52] One of these patients had to be admitted to the intensive care unit with mild ALI and multiorgan dysfunction, which may have been due to overzealous resuscitation, and both survived. [50] [51] [52] Importantly, in the preantibiotic era, the routine treatment of neurosyphilis routinely employed injection of parenteral LPS, 1 mg or more, similar to that used in these two individuals, to the concentrations of LPS needed to activate human primary pulmonary endothelial cells in vitro and as the first event in the animal model. 21, 23, 45, [50] [51] [52] Although animal modeling of human disease is never exact, it may be useful to understand in vivo relevance, and further experimentation, whether clinical or in animals, should be judiciously analyzed with comparable methodology. Intravascular hemolysis leading to circulating plasma cellfree Hb is a potential cause of oxidative injury both in normal patients and in those with sickle cell disease (SCD). [53] [54] [55] [56] Plasma cell free Hb has been linked to endothelial dysfunction, nephropathy and renal injury, especially in patients with sickle cell disease, and acute respiratory distress syndrome (ARDS). [53] [54] [55] [56] However, given the relatively low amounts of hemolysis observed in the RBC units that were leukoreduced by combination method, it is unlikely that the amount of plasma cell-free Hb would result in endothelial dysfunction, renal damage, or ARDS outside of the setting of massive transfusion. ARDS is common after injury, especially in those patients requiring massive ARDS support and the possible effects of plasma cell-free Hb have not been delineated. 57 There are a number of limitations in the presented data. The comparisons among the different methods of LR, both PMN priming and proteomics, are limited to a total of 10 units and only two methods of LR were compared head to head: BC removal to filtration and filtration to the combination method. Conversely the PMN-priming data from the different ASs examined at least 20 units per AS with a total of 90 units examined over the entire storage interval. There is certainly donor variability; however, there was no difference among ABO blood groups for all were represented and yielded similar priming and proteomic results. In fact some of the highest priming activity was the supernatant from group O RBCs (data not shown). As the AS-3 AS has been shown through extensive metabolomics analysis that it preserves RBC metabolism for 14 days whereas other storage additives, for example, SAGM, AS-1, and AS-5, did not. [13] [14] [15] [16] Despite better preservation of RBC metabolism, the PMN-priming activity was present on D14 in AS-3-stored RBC units, although it was not significantly increased on D21, reappeared on D28, and reached a relative maximum on D35, which persisted. In contrast, the supernatant-priming activity in AS-1-stored RBC units reached a relative maximum on D42, which was increased versus RBC units stored in AS-3 and AS-5, and AS-3 and AS-5 RBC units reached maximal amounts of PMN supernatant-priming activity on D28, which persisted through D42. 15 The PMN-priming activity from earlier storage times in AS-3 RBC units that disappears may be the result of filtration inducing the release of WBC and PLT intracellular proteins that disappear over storage.
Comparing rates of TRALI between populations using different LR methods is problematic due to underreporting and differing diagnostic criteria according to geographic location. 1 In vitro PMN priming and detection of the proteins indicated in the pathophysiologic progress of TRALI imply that the combination method of LR, despite greater cost, is not superior to in-line filtration alone in minimizing risk of TRALI. Although in vivo head-to-head transfusions of the LR-RBCs would be necessary to detect the clinical effects between the differing LR methods, our cellular and proteomic studies suggest that the LR combination method is not superior to in-line filtration and may compromise preservation and RBC recovery during storage due to increased hemolysis. Transfusions are lifesaving interventions and investigations on making the intervention safer and less costly are ongoing. Filtration alone provides optimal LR and minimization of BRMs implicated in TRALI without increased manipulation of the RBCs. Additional metabolomic studies are needed and better ASs may further decrease the accumulation of BRMs and lessen the "storage lesion." Experimental filtration, which removed immunoglobulins from RBCs, also significantly decreased bioactive lipid production, which may minimize the exposure of the transfused host, especially the critically ill, to proinflammatory mediators. 
